Changes in the woody composition of Wytham Woods since 1974 are described, related to national trends in broadleaved woodland, and used to suggest the impact of future changes such as from ash dieback disease (Chalara fraxinea). Data on the tree and shrub layer from 164 permanent 10× 10 m plots distributed in a grid across the Woods are presented from 1974, 1991, 1999 and 2012, on species occurrence, regeneration, contribution to the canopy and basal area. Variations in the current and past composition and structure of the Woods are related to past forestry management and natural succession/disturbance processes. These largely mirror changes shown by other surveys at a national level. Fraxinus excelsior has been increasing in prominence across the Woods since 1974, but its future is uncertain because of disease. The species most likely to increase if there is a severe decline in F. excelsior at Wytham appear to be Acer pseudoplatanus, Corylus avellana and Quercus robur. There are benefits from linking long-term studies at one site to wider less detailed surveys in order to explore the general applicability of the results.
Introduction
What we see in a wood today may be the consequence of events that happened decades, or even centuries previously: for example, British woods have been affected by major storms in 1990 (Kirby and Buckley, 1994 ; the Dutch Elm Disease outbreak of the 1970s (Gibbs, 1978) ; fellings during the first and second world wars that left many woods devastated (HMSO, 1952) ; and the decline of the markets for coppice in the late nineteenth century (Rackham, 2003) . Long-term studies (and not just in woodland) are invaluable in helping to unpick such impacts which may differ from site to site (Bakker et al., 1996) . There is an increasing body of such research, based on data from permanent plots or transects: in Britain the work at Lady Park Wood and at Denny Wood on the dynamics of the woodland structure and composition has been particularly influential Jones, 1987, 1989; Mountford and Peterken, 2003; Peterken and Mountford, 2005) . This parallels work elsewhere, for example, Koop (1987) , Pontailler et al. (1997) and the extensive series of plots established to help monitor forest condition across Europe, particularly the impacts of air pollution (Fischer et al., 2010) .
Permanent plot studies can be resource-intensive and difficult to maintain (Dawkins and Field, 1978; Peterken and Backmeroff, 1988) . They are usually limited to a small number of sites in any region, so the changes observed may not be representative of what is happening in woodland more generally. Therefore the results need to be put into a wider context (Magnuson, 1990) , for example by combining the findings from a single site study with surveys which have a greater spatial breadth, if not with the same degree of detail or temporal depth. Understanding how woodland composition and structure may be changing in different parts of a site, and whether these are typical of a wider population of sites, provides essential context for interpreting the results from other long-term studies on the same site (Savill et al., 2010) .
In this paper we report results from nearly 40 years of recording in Wytham Woods in Oxfordshire, (Savill et al., 2010) , based on permanent sample plots. We explore whether these may be used to suggest the potential impact of a new threat, ash dieback disease (Chalara fraxinea). The changes in the tree and shrub layer at this site are also compared with the composition of British woodland more generally using national surveys of woodland (Kirby et al., 2005; Forestry Commission, 2012) to see whether the results might be relevant more generally.
Site and methods
Wytham Woods (National Grid Reference SP4608; 518 46 ′ N, 18 19 ′ W) lie to the west of Oxford, UK. The area studied covers 340 ha and is a mosaic of ancient and recent woodland, semi-natural and planted stands of different ages with small patches of grassland and scrub. Wytham Woods are located on a hill (altitude range 60 -170 m): on the top are thin soils over Corallian limestone, whereas the lower slopes consist of deeper clays (Savill et al., 2010) . Broadleaved trees (Acer pseudoplatanus, Betula spp., Fagus sylvatica, Fraxinus excelsior, Quercus robur) predominate. Most of the Woods correspond to the F. excelsior-Acer campestre-Mercurialis perennis type in the National Vegetation Classification (Rodwell, 1991) . Species names follow Stace (1991) .
Assessing woody species change at Wytham Woods: the Dawkins plots
Between 1973 and 1976 (hereafter referred to as the 1974 survey) one hundred and sixty-four 10× 10 m quadrats were established at alternate points of a 100 × 100 m grid (Dawkins and Field, 1978) . Within these:
(1) The occurrence of all woody species in the plot was noted; (2) Diameters (breast height) of the four largest trees in the plot were measured; (3) Canopy cover (.2.5 m), split by species and shrub cover (all species) (0.5 -2.5 m) was estimated across the plot diagonal; (4) The basal area of the trees in the plot and its surroundings was estimated by relascope sweeps from plot corners (Bitterlich, 1984) ; (5) Regeneration (the presence of seedlings or saplings up to 1 m tall) was recorded in thirteen 0.1 m 2 circlets positioned evenly along the two diagonals of the plot.
A partial survey of the plots was carried out in the 1980s (not included in this analysis) and a full re-survey was completed in 1991-1992 (the '1991 resurvey'), 1999-2002 (the '1999 resurvey') and 2011 -2012 (the '2012 resurvey') (Horsfall and Kirby, 1985; Kirby et al., 1996; Kirby, 2004) .
Stands with different origins and histories and management treatment across the Woods (Figure 1 , Table 1 ) were identified based on the historical research by Grayson and Jones (1955) and management plans/stock maps from the 1950s (Anon, unpublished; F.C. Osmaston, unpublished); these are referred to subsequently as the woodland 'zones'. Each 10 × 10 m plot was assigned to one or other of these zones. Changes in the structure and composition of the woodland are described for the Woods as a whole and for the different zones.
Putting the Wytham results in a wider context
The results from Wytham Woods were compared with data from national surveys of broadleaved woodland. The National Forest Inventory (Forestry Commission, 2012 ) is a structured sample survey of all woodland across Great Britain; data are collected from 1 ha plots on tree species cover, tree size, health etc. Preliminary results from this were used to indicate how the composition of Wytham compared with that for broadleaved woodland in Britain more generally. This is the latest in a series for forestry censuses (HMSO, 1952; Locke, 1970; Locke, 1987 ;Forestry Commission, 2003) . Comparisons between these are complicated by the differences in survey methods; also the results reflect not just changes within individual woods but also the creation of new woodland; for example, broadleaved woodland cover increased between 1965 and 2012 from 727 000 to 1 276 000 ha.
A second national survey allowed us to look at change in species composition and woodland structure within a national sample of woods. In 1971, 103 semi-natural woods across Britain (not including Wytham) were selected as representative of a wider sample of 2453 woods (.4 ha) surveyed in the late 1960s (Kirby et al., 2005) . Within each of the 103 woods sixteen 200 m 2 plots were located at random and records made of tree and shrub composition. 
Statistical analysis
The differences across years were tested using simple linear regression, ANOVA or x 2 -squared tests as appropriate (tests used are noted in the relevant tables). Detrended correspondence analysis (Decorana) was used to explore the differences between the woodland zones (Table 1 ) and any changes in their canopy composition over time.
Results

Changes across the woods and in different areas
Aerial photographs taken in the 1940s show that the canopy was very open in places, with large gaps, probably a consequence of war-time felling. Some areas that are now wooded were then rough grazing or fields. By 1974, the average canopy cover was 80 per cent across the whole wood with a dense understorey (Table 2 ) as a consequence of both planting and natural regeneration following a reduction in grazing by rabbits Oryctolagus cuniculus (L.) (Savill et al., 2010) during the 1950s. Subsequent changes in the tree and shrub layer for the Woods as a whole are presented in Table 2 .
In 1974, most trees were young and hence small: in 1974, the modal size class for the largest tree in the plot was 11 -20 cm and in 74 per cent of the plots the largest tree was ,30 cm diameter; by 2012, the modal diameter class had shifted to 30 -40 cm, and in only 43 per cent of plots was the largest tree ,30 cm diameter. The biggest changes were in the young growth on former common and recent plantations (Zones 3, 4 and 6 in Table 1 ), where in 1974 only three plots (out of 45) contained a tree .30 cm dbh (diameter breast height), compared with 32 plots in 2012.
The tree diameter distributions varied among species: F. excelsior ( Figure 2a ) and A. pseudoplatanus show an abundance of young (small) trees, mostly from natural regeneration that were released in the 1950s. By 2012, this cohort of small trees had moved through the size classes. Quercus robur (Figure 2b ) and F. sylvatica occurred less often in plots but were more likely to be large trees (.60 cm dbh) -old pollards and standards among neglected coppice; the younger cohort (represented by the smaller size classes) for these species are almost entirely in the plantations established in the 1950s (Zones 4 and 6).
Since 1974, there has been statistically significant, albeit small, decline in the canopy layer cover (.2.5 m, estimated as a percentage across the plot diagonal) across the Woods as a whole (Table 2 ). There was no significant difference in mean cover across the different woodland zones (Table 1) at any sampling No of plots 1 Areas known to have been wooded pre-1800; the ancient woodland proper plus a small area brought into the Woods probably in the eighteenth century; and still predominantly semi-natural with coppice with standards structure. Areas that were added to the Woods in the nineteenth century, but were not apparently planted; and still largely showing a semi-natural structure and composition. Plantations created on open ground in the nineteenth century, mostly by 1848. 27 6
Plantations created on open ground in the twentieth century (1945) (1946) (1947) (1948) (1949) (1950) (1951) (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) (1960) . 15 7 Plots largely occupied by rides or other permanent open grassland. 23 Table 2 Changes in tree and shrub species abundance in wytham woods Changes in the tree and shrub layer of Wytham Woods time, other than the low cover (,50 per cent) for plots containing rides or glades (Zone 7). There was a much larger reduction in the understorey layer (0.5 -2.5 m) across the whole of the Woods (Table 2) particularly between 1974 and 1991. There was little difference between the different zones, although the shrub layer tended to be higher in the pre-1800 woodland (Zone 1) and low in the recent plantations (Zones 4 and 6) particularly during the 1990s. The reduction in understorey cover was accompanied by a decline in the mean number of species per plot also between 1974 and 1991 (Table 2) . Shrub species across the Woods occurred less frequently from 1974 (Table 3) to 1991 but there were indications of possible recovery (not yet statistically significant) by 2012 for C. avellana and Euonymus europaeus. Both loss of understorey cover and reductions in species richness are linked to heavy browsing by deer in the 1990s.
The basal area of trees has more than doubled (shrubs were not included in this part of the recording process) ( Table 2) Table 1) were significantly lower than the other zones, but thereafter all the wooded zones become more dense. Growth was least in Zone 1, which had the remnants of a coppice with standard structure, where the tree component was relatively sparse; growth was strongest in the young plantations and recent semi-natural Zones (3, 4, 6) between 1991 and 1999 (Figure 3) . Between 1999 and 2012, there was a levelling-off/decline in the plantations following resumption of an active thinning programme in the stands planted between 1945 and 1963; this affected 25 of the plots (Zones 4 and 6). The thinned plots, also, not surprisingly showed a significant drop in mean canopy cover (from 84 to 66 per cent, P , 0.01, t-test of difference, n ¼ 25) between 1999 and 2012.
The main tree species showed different trends (Table 3) . Fraxinus excelsior increased in the number of plots in which it occurred, in its contribution to the canopy and to basal area. Acer pseudoplatanus, Q. robur and F. sylvatica had slight declines or no change in occurrence, little change in their contribution to the canopy cover and slower basal area increase than F. excelsior. Betula spp and Ulmus spp. declined, particularly in terms of plot occurrences, but also in terms of their relative contributions to canopy cover and basal area. There were fewer plots containing conifers in 2012 than in 1974, but their basal area had increased slightly as those that were left had grown well. Ilex aquifolium was unusual in showing a marked increase in plot occurrences after 1999, although as yet its contribution to canopy and basal area overall remain very small: often it was present only as seedlings or saplings. Among the shrubs the most marked change was the collapse of old elder bushes (Sambucus nigra) which were often on the site of old rabbit warrens.
Variations in composition across the Woods
Ordination of the plots by tree cover, using DECORANA (Figure 4) showed separation of the different woodland zones primarily along Axis 1; these differences were maintained throughout the recording period (Table 4) . Low scores on Axis 1 were associated with the pre-1800 semi-natural woodland (Zone 1) and species such as Acer campestre, Prunus spinosa and C. avellana; high values characterized the more recently planted areas (Zones 4, 5 and 6), conifers and F. sylvatica. The replanted parts of the pre-1800 woodland (Zone 4) are picked out by their abundance of A. pseudoplatanus (low scores on Axis 2) and the nineteenth century spread on to the common land (Zone 3) by its high levels of F. excelsior (Table 4) .
Regeneration
Seedlings/saplings were found in most plots during all four recording periods. Fraxinus excelsior was the most abundant species recorded on each occasion, making up 34 per cent of seedling records in 1974, increasing to 75 per cent in 2012. F. sylvatica and Quercus spp. were particularly poorly represented compared with their overall abundance in the Woods, never getting .3.5 per cent of records. During the 1990s the majority of seedlings/saplings recorded were ,10 cm high, and obviously only 1 or 2 years old, with the occasional older, but severely browsed individual. By 2012, significantly more plots had taller (older)saplings, as had been the case in 1974 (x 2 test P , 0.001) ( Table 5) .
Actual and potential impact of tree diseases
Elm (Ulmus spp.) was not a major component of the Woods, even before Dutch Elm Disease, but nine plots had the species as part of the canopy cover in 1974. The change in the composition of these is Changes in the tree and shrub layer of Wytham Woods indicated in Table 6 . No species showed a significant increase as a result of the opening up of the canopy.
Forestry
The increasing contribution of F. excelsior to the canopy cover and in terms of basal area growth since 1974 (Table 3) suggests that the impact of ash dieback (C. fraxinea) disease could be serious if it reaches Wytham. Of the 164 plots recorded 96 had less than (or equal to) 20 per cent F. excelsior in the canopy in 2012 and so the potential impact of ash dieback on these might be considered low (Table 7 ). In 44 plots there was .25 per cent combined cover of other woody species which might expand to fill gaps (impact judged medium), particularly if the decline and death of the Fraxinus was slow and drawn out. The worst effects might therefore be confined to 24 plots or 15 per cent of the Woods, concentrated particularly in the woodland developed on former common (Zone 3) (Table 7b ).
How representative is the composition and structure of Wytham Woods in the context of British broadleaved woodland?
The main vegetation type found in Wytham Woods (W8 F. excelsior-Acer campestre-M. perennis woodland) is abundant throughout the lowlands of Britain (Rodwell, 1991) . Of the 10 most widespread broadleaved taxa in England, as determined from the National Forest Inventory (Forestry Commission, 2012), the top eight species were also abundant in Wytham Woods, across the entire period (1974 -2012) (marked by an asterisk in Table 8 ). (The other two widespread species identified by the Nation Forest Inventory -Castanea sativa and Alnus glutinosaoccur only rarely in Wytham. C. sativa is an introduction to England which favours acid soils and is locally abundant in some parts of the country. It has been planted in Wytham in only a few places. Alnus glutinosa requires wet ground and there is little ground in Wytham suitable for its growth.) Nationally most broadleaved standing volume is contained within stands of trees ranging from 10 to 60 cm mean diameter at breast height (dbh), while for F. excelsior the standing volume is mostly found in stands with lower mean dbh (Forestry Commission, 2012). The peak for Fraxinus at Wytham in 2012 was in the 20 -40 cm size class (Figure 2a) .
The composition and changes in tree and shrub cover from Wytham Woods (1974/1999) mirror many of those found nationally over a similar period (1971/2001) in the survey of 103 broadleaved woods across Britain (Kirby et al., 2005) (Table 8) . Again there were two species represented in the wider survey not abundant in Wytham: A. glutinosa and Sorbus aucuparia, the latter reflecting the upland sites included in this survey. The trends for 
Discussion
Wytham Woods reflects much of what has been happening with British, and particularly English broadleaved woodlands, over the last century (Hopkins and Kirby, 2007) . The Woods contain both ancient and recent stands, plantations and semi-natural areas; their composition and age structure are close to that for broadleaved woodland as a whole. Insights gained from studying how the plots at Wytham have changed may therefore be helpful in interpreting change elsewhere, in particular by illustrating how even short-lived events can leave long-term legacies. The distinctiveness of ancient woodland has been highlighted by Rackham (2003) and Peterken (1993) and this is confirmed by the Wytham study, for example, their greater abundance of C. avellana and Acer campestre (Table 4, Figure 4 ). These differences have been largely maintained over the 40 years of recording, at least with respect to the tree layer.
Individuals and particular policies can be highly influential. The fifth Earl of Abingdon did much to remodel the woods between 1790 and 1850 (Grayson and Jones, 1955) . He organized the planting of many of the F. sylvatica on the top of the hill (Zone 5) and probably also introduced A. pseudoplatanus, now the characteristic tree in Zone 2. Interest in tree and woodland planting around that time was stimulated by John Evelyn's Sylva (1706), (4) 30 (8) 20 (4) This is much higher than in other years because due to an oversight no heights were measured in the first batch of plots recorded on this occasion. (x 2 analysis on numbers where height data available: P , 0.001, 11 df).
Changes in the tree and shrub layer of Wytham Woods landscape architects such as 'Capability' Brown, and the rise of 'picturesque movement' (Daniels and Watkins, 1991) . The (now old) F. sylvatica are valued in conservation terms for their dead wood habitat, but are gradually being lost to windthrow and there were few young trees coming along to replace them until the plantations created in the 1950s (Zones 2, 4 and 6).
The young plantations in Zones 4 and 6 are themselves a legacy of a period (1945 -1963) when the intention was that the bulk of the Woods should be managed as productive high forest according to good forestry practice (Anon, unpublished; F.C. Osmaston, unpublished) . This reflected the national forestry priority to make good the extensive wartime fellings (Foot, 2010) : the 1947 forestry census had recorded 23 per cent of woodland 'devastated' or recently felled across Britain (HMSO, 1952) .
Another legacy of war-time felling is the greater abundance of Betula spp. in the plots in 1974, noted also for other ancient woods in the twentieth century (Rackham, 2003) . This species established well when the woods were more open (as shown by aerial photographs for Wytham from the 1940s), but is now rapidly dying off. Although Wytham was outside the main tracks of the storms in and 1990 (Kirby and Buckley, 1994 localized damage did occur and Betula appeared to be preferentially affected (Kirby et al., 1996) .
Expansion and closure of the woodland canopy since the 1950s was helped by the release of a cohort of F. excelsior and A. pseudoplatanus regeneration; the former has been particularly effective at colonizing some of the old common grazing land (Mihok et al., 2009; Peterken, 2013) . A trigger for this expansion appears to have been the decline of rabbits through myxomatosis (Sumption and Flowerdew, 1985) ; in many other areas of Southern England seminatural grassland was similarly lost to scrub and young woodland.
After 1963 the management policies for Wytham changed; the production objective was largely abandoned in favour of allowing natural development of the woodland for research purposes.
The plantations in particular became denser (Figure 3 ) and darker although this was partially offset by older trees dying or being blown over in some of the semi-natural areas and management to keep the rides open. The recent resumption of a thinning programme in Wytham is primarily intended to diversify the structure of the Woods by creating canopy gaps, but is also in line with wider policies, e.g. the encouragement of sustainable woodland management by the Independent Panel on Forestry (2012) .
The general increase in density of broadleaved woodland across Britain (1971 Britain ( -2001 noted by Kirby et al. (2005) was also thought to reflect the relatively small area which appears to be within active management. Only 30 per cent of woodlands on private land in England (which makes up 60 per cent of the British broadleaved resource) have a felling licence or are in some form of woodland grant scheme (Slee et al., 2006) .
Small numbers of fallow deer (Dama dama L.) were present (and shot) in Wytham Woods during the 1950s and 1960s: they are believed to originate in escapes from an adjacent park. During the 1970s and 1980s their numbers increased considerably, roe (Capreolus capreolus L.) and muntjac (Muntiacus reevesi) colonized the Woods, and major impacts became apparent on the structure and composition of the Woods. They undoubtedly contributed to the loss of the understorey (Table 2 ) and restrictions on regeneration (Table 5) . Deer management was instigated during the 1990s. Elsewhere in Britain there has been an increase and spread of deer populations and impacts on woodland structures and composition (Fuller and Gill, 2001; Ward, 2005) over the last 50 years. Even once deer numbers are reduced the recovery of the vegetation may be slow (Tanentzap et al., 2012a,b) , but there are starting to be signs that this is happening in Wytham, for example, the increasing cover of C. avellana and greater frequency of F. excelsior saplings (Tables 3 and 5) .
The only major tree disease to impact on Wytham to date has been Dutch Elm Disease, and its effects were minor compared Forestry with the disease's impact in woods and hedges in the rest of the Britain (Gibbs, 1978) . There is however concern about the potential effects on the structure and composition of the Woods should either acute oak decline (Denman et al., 2010) or ash dieback reach the Woods. Quercus spp. cover only 10 per cent of the Woods, but is the most abundant species in the larger size classes and is highly valued for the diversity of wildlife that supports. Its abundance was deliberately encouraged in the past, both directly through favouring them during woodland operations, and indirectly because of the open conditions created by common grazing and by coppicing. While acute oak decline has not yet been identified in Wytham there is concern that many of the large oaks are showing signs of general decline and dieback (E. Cole, Department of Zoology, personal communitication). The Woods have been moving towards increasing dominance by F. excelsior; it is also the most common species currently in the regeneration, as it is for broadleaved woodland in England generally (Forestry Commission, 2012) . If much of the current population of this species in Wytham is killed then large gaps may be created across much of the woodland, but particularly in the recent woodland in Zone 3 (Table 7 . A major opening up of the woodland might be seen as comparable to the situation in the 1940s, following war-time fellings. Understorey species such as C. avellana, Crataegus spp. and P. spinosa are likely to benefit (Table 7) at least in the short term. In the tree layer Q. robur, Betula spp. and A. pseudoplatanus might all be favoured by increased openness and disturbance (Morecroft et al., 2008) . However, Q. robur may come under threat from Acute Oak Decline (Denman et al., 2010) . Betula spp. tends to be a relatively short-lived species at Wytham. The most likely to successor to ash at the moment appears to be A. pseudoplatanus although it is highly susceptible to damage by grey squirrels (Sciurus carolingensis). In addition it is also not considered native to Britain, so its expansion would require a change of attitude towards this species, both in Wytham and among conservation managers generally (Kirby, 2013) . Inevitably there will be consequential changes in the abundance of other species groups and how the woods function, because no single species or combination of tree species will have quite the same characteristics as F. excelsior (Mitchell et al., 2014a,b,c) . Similar changes are taking place on the continent where ash dieback has been established for longer (Pautasso et al., 2013) .
The results from Wytham Woods illustrate that, far from being a highly stable habitat, its woodland composition and structure has changed considerably and is likely to continue to do so. This has also been the conclusion from long-term studies elsewhere in Britain and on the continent, albeit the nature of the disturbances, their extent and frequency may vary (Koop, 1987; Peterken and Jones, 1987; Bradshaw and Hannon, 1992; Pontailler et al., 1997; Mitchell and Cole, 1998; Peterken and Mountford, 2005; Hahn and Emborg, 2007) . This needs to be factored into other long-term studies in Wytham (Savill et al., 2010) , since many species groups are sensitive to changes in the woodland structure, for example, the role of a dense understorey as cover for many small birds and mammals., or of old trees and dead wood.
The work on the permanent plots in Wytham Woods will continue, along with other surveillance activity. While the immediate focus is likely to be on potential impacts of coming tree diseases, we may also start to detect the effects of climate change. Since 1991, the site has been part of the UK Environmental Change Network (Morecroft and Taylor, 2010) with some of that recording also using the Dawkins plots. An 18 ha plot has been established in conjunction with the Smithsonian Institute to look at tree populations dynamics and carbon balances (Butt et al., 2009; Thomas et al., 2011) ; complete censuses of all large trees have been carried out as part of the long-running studies of bird populations (E.F. Cole Department of Zoology, Oxford, personal communication); and potential for links to data obtained by remote sensing are being explored (Hill et al., 2010) . Data from the plots have also contributed to wider European studies (Verheyen et al., 2012; De Frenne et al., 2013) .
We conclude that the long-term surveillance of the vegetation at Wytham Woods has proved of interest in its own right, but also contributes to an understanding of woodland change elsewhere. Moreover, the value of the data is increased by linking the results to wider surveys.
